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SUMMARY 
Procedures based on m o d i f i c a t i o n  o f  the Conventional S t ra in range  P a r t i -  
t i o n i n g  method a r e  proposed t o  character ize the  time-dependent degradat ion o f  
engineer ing a l l o y s  i n  high-temperature, low-cyc le f a t i g u e .  Creep- fat igue 
experiments were conducted i n  a i r  using d i f f e r e n t  waveforms o f  l o a d i n g  on 316 
s t a i n l e s s  s t e e l  a t  816 O C  (1500 O F )  t o  determine t h e  e f f e c t  of exposure t ime  
on c y c l i c  l i f e .  Reductions i n  the  p a r t i t i o n e d  c y c l i c  l i v e s  were observed w i t h  
an increase i n  the  t ime o f  exposure (o r  w i t h  the  corresponding decrease i n  t h e  
s teady-state creep r a t e )  f o r  a l l  the waveforms i n v o l v i n g  creep s t r a i n .  Excel-  
l e n t  c o r r e l a t i o n s  o f  t he  experimental da ta  were obtained by mod i f y ing  t h e  Con- 
v e n t i o n a l  St ra inrange P a r t i t i o n i n g  l i f e  r e l a t i o n s h i p s  i n v o l v i n g  creep s t r a i n  
us ing  a power-law term o f  e i t h e r  (1 )  t ime o f  exposure o r  ( 2 )  s teady -s ta te  creep 
r a t e  o f  t h e  c reep- fa t i gue  t e s t .  Envlronmental degradat ion due t o  o x i d a t l o n ,  
m a t e r i a l  degradat ion due t o  t h e  p r e c i p i t a t i o n  o f  carb ides a long t h e  g r a i n  
boundaries and de t r imen ta l  deformation modes associated w i t h  t h e  prolonged 
per iods of creep were observed t o  be the  main mechanisms respons lb le  f o r  l i f e  
reduct ions a t  long exposure t imes. 
I N T R O D U C l  I O N  
I t  i s  now w ide ly  accepted t h a t  the c r e e p - f a t i g u e  l i f e  o f  m a t e r i a l s  a t  
e leva ted  temperatures i s  i n f l uenced  by t h e  c y c l i c  deformat ion modes as w e l l  as 
t h e  t ime  o f  exposure t o  t h e  environment. The waveform o f  l o a d i n g  d i c t a t e s  t h e  
c y c l i c  deformat ion processes i n  a ma te r ia l ,  and hence, a f f e c t s  the  creep- 
f a t i g u e  l i f e .  The exposure, w i t h  t ime, o f  a m a t e r i a l  t o  i n t e r a c t i v e  env i ron-  
ments a t  e levated temperature can degrade i t s  c y c l i c  load c a r r y i n g  o r  s t r a i n  
absorbing c a p a b i l i t i e s  due t o  t w o  major  reasons: (1) su r face - re la ted  chemical 
i n t e r a c t i o n s  such as corros ion,  ox idat ion,  e tc . ;  ( 2 )  b u l k  o x i d a t i o n ,  and meta l -  
l u r g i c a l  phase i n s t a b i l i t i e s .  An accurate c reep- fa t i gue  l i f e  p r e d i c t i o n  proce- 
dure must i nco rpo ra te ,  therefore,  the i n f l u e n c e  o f  bo th  waveform o f  l oad ing  and 
t ime o f  exposure a t  e levated temperature. The goal o f  our program was t o  
e s t a b l i s h  an approach f o r  c h a r a c t e r i z i n g  exposure t i m e  e f f e c t s  on c reep- fa t i gue  
l i f e  a t  e leva ted  temperatures. This was pursued by per forming c r e e p - f a t i g u e  
experiments on 316 s t a i n l e s s  s t e e l  a t  816 " C  (1500 O F )  us ing  fou r  d i f f e r e n t  
types o f  waveforms o f  loading. I n  the  f o l l o w i n g  sect ion,  a background f o r  our 
approach of charac te r i z ing  time-dependent e f f e c t s  i n  c reep- fa t i gue  l i f e  p red ic -  
t i o n  i s  presented. The c o n t r i b u t i o n  o f  o the r  i n v e s t i g a t o r s  i n  t h i s  area i s  
reserved f o r  t h e  discussion sec t i on .  
BACKGROUND 
Conventional Strainrange P a r t i t i o n i n g  (CSRP) i s  a method developed by 
Manson, Ha l fo rd ,  and Hirschberg ( r e f .  1 )  t h a t  considers two d i s t i n c t  deforma- 
t i o n  processes, viz.,  time-dependent creep and t ime-independent p l a s t i c i t y ,  and 
t w o  d i r e c t i o n s  of  ioading, t ens ion  ana compression. CSRP p r e d i c t s  the  crsep- 
f a t i g u e  l i f e  a t  elevated temperatures by d i s t i n g u i s h i n g  among f o u r  d i f f e r e n t  
types o f  strainranges, AcPg, AcCp, AcPC, AcCc;  each w i t h  i t s  unique 
l i f e  r e l a t i o n s h i p .  The su s c r i p t s  r e f e r  t o  (1)  t e n s i l e  p l a s t i c i t y  reversed by 
compressive p l a s t i c i t y  (pp) ,  ( 2 )  t e n s i l e  creep reversed by compressive p l a s t i c -  
i t y  ( cp ) ,  ( 3 )  t e n s l l e  p l a s t i c i t y  reversed by compressive creep ( p c ) ,  ( 4 )  ten-  
s i l e  creep reversed by compressive creep ( c c ) ,  r e s p e c t i v e l y .  
one type o f  s t ra inrange i s  present i n  a hys te res i s  loop, l i f e  I s  evaluated 
us ing  separate l i f e  r e l a t i o n s h i p s  and the I n t e r a c t i o n  Damage Rule ( r e f .  2 ) .  
When more than 
Time E f f e c t s  i n  High-Temperature Fa t igue  
Conventional Strainrange P a r t i t i o n i n g  was proposed as a s imple means t o  
account f o r  t h e  in f luence o f  waveform o f  l oad ing  on c reep- fa t i gue  l i f e .  O r i g i -  
n a l l y ,  waveform e f f e c t s  on l i f e  were accounted f o r  by cons ide r ing  t h e  amount o f  
creep s t r a i n  produced per cyc le ,  whether the  creep occurred i n  t e n s i o n  o r  com- 
pression, and the  manner i n  which creep i s  reversed by e i t h e r  creep o r  p l a s t i c -  
i t y .  
i t s  e f f e c t  on inducing creep s t r a i n .  A g iven creep s t r a i n  achieved i n  a s h o r t  
t ime was viewed as being e q u a l l y  damaging as the  same amount o f  creep s t r a i n  
achieved i n  a longer t i m e .  Since i t  was recognized, however, t h a t  exposure 
t ime  in f l uenced  f a t i g u e  l i f e  f o r  more  reasons than governing t h e  t ype  o f  s t r a i n  
generated, Manson ( r e f .  2 ) ,  Hal ford,  Saltsman, and Hi rschberg ( r e f .  3 )  l a t e r  
attempted t o  incorporate i n d i r e c t l y  the a d d i t i o n a l  t ime e f f e c t s  by i n t r o d u c i n g  
time-dependent creep d u c t i l i t y ,  Dc, i n t o  t h e  c o e f f i c i e n t s  o f  t h e  S t ra in range  
P a r t i t i o n i n g  l i f e  r e l a t i o n s h i p s .  While t h i s  procedure y i e l d e d  a p p r o p r i a t e  cor-  
r e c t i o n s  f o r  exposure time, i t  was based on a monotonic p r o p e r t y  n o t  i n v o l v i n g  
c y c l i c  deformat ion.  I t  was, t he re fo re ,  considered a p p r o p r i a t e  t o  i n v e s t i g a t e  
a form of c o r r e c t i o n  based on c y c l i c  p r o p e r t i e s  and which d i r e c t l y  i n v o l v e d  
exposure t i m e  o r  creep r a t e  as the  v a r i a b l e s .  This r e p o r t  descr ibes t h e  
r e s u l t s  o f  our program. 
However, no d i r e c t  i n f l u e n c e  was a t t r i b u t e d  t o  exposure t ime o the r  than 
Steady--State Creep Rate 
P r i e s t  and E l l i s o n  ( r e f .  4)  working w i t h  1 CrMoV s t e e l ,  u t i l i z e d  creep 
s t r a i n  r a t e  t o  modify t h e i r  CP and PC l i f e  r e l a t i o n s h i p s .  T h e i r  r a t i o n a l e  
was t h a t  t he  nature o f  microscopic damage in t roduced would 'be dependent upon 
the  r a t e  a t  which creep i s  in t roduced.  ( A l t e r n a t i v e l y ,  they could have used 
exposure t i m e  since i t  i s  approximately i n v e r s e l y  r e l a t e d  t o  t h e  creep r a t e . )  
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I- - 
Improved l i f e  p r e d i c t i o n s  were reported by P r l e s t  and E l l i s o n  by d i v i d i n g  the 
CP s t ra ln range  i n t o  components o f  CPm ( m a t r i x  dominated), CPw (wedge doml- 
nated), and C P r  ( c a v i t y  domlnated); and t h e  PC s t r a l n r a n g e  i n t o  PCm 
( m a t r l x  dominated) and PCw (wedge dominated), and genera t i ng  a separate l l f e  
r e l a t l o n  f o r  each component stralnrange. The t i m e  dependency o f  C C  s t r a i n -  
range was n o t  addressed by them. I n  p r a c t i c e ,  t h e i r  s u b d i v i s i o n  o f  s t r a i n -  
ranges I s  complex. Hence, a s impler and more p r a c t l c a l  approach i s  d e s i r a b l e .  
We have accomplished t h i s  I n  t h e  present paper by I n c o r p o r a t i n g  t h e  steady- 
s t a t e  creep r a t e  d l r e c t l y  I n t o  the  CP, PC, and C C  l i f e  r e l a t i o n s h i p s .  The 
r e s u l t i n g  l i f e  r e l a t i o n s  a r e  termed as "Steady-State Creep Rate Mod i f i ed  
Stra lnrange P a r t l t l o n l n g  L l f e  Relat lonshlps.l '  An a l t e r n a t e  m o d i f i c a t i o n  o f  t h e  
Stra inrange P a r t l t l o n l n g  l i f e  r e l a t i o n s h i p s  accord ing t o  t h e  t o t a l  exposure 
t ime o f  t h e  c reep- fa t i gue  t e s t  has also been examined, as discussed I n  t h e  nex t  
sec t i on .  
Exposure Time 
Manson and Zab ( r e f s .  5 and 6)  proposed severa l  f o r m s  o f  d u c t i l i t y  v a r i a -  
t i o n s  w l t h  exposure t l m e  t o  model the environmental e f f e c t  on c r e e p - f a t l g u e  
l i f e  when the l l f e  r e l a t l o n s h l p s  are expressed i n  t e r m s  o f  d u c t i l i t y .  They 
a l s o  suggested t h a t  a tlme-dependent term be Inc luded d l r e c t l y  I n  t h e  S t r a i n -  
range P a r t l t i o n l n g  l i f e  r e l a t i o n s h i p s  t o  account f o r  t h e  e f f e c t s  o f  environment 
on c reep- fa t i gue  l l f e .  However, no experiments were conducted t o  v e r i f y  t he  
r e l a t i o n s .  E l l i s o n  ( r e f .  7 ) ,  worklng w l t h  1 CrMoV s t e e l ,  repo r ted  Improved 
CP l l f e  p r e d i c t l o n s  by u t l l l z l n g  a m o d i f l c a t l o n  o f  t he  CP l i f e  r e l a t i o n s h l p  
based on the  hold- t ime o f  the cyc le .  The exposure t ime e f f e c t  on the  PC and 
C C  s t ra lnranges was no t  repor ted.  I n  t h l s  paper, t he  exposure t l m e  I n  a 
c reep- fa t i gue  t e s t  I s  d l r e c t l y  Incorporated i n t o  the  CP, PC, and CC l i f e  
r e l a t l o n s h l p s .  The r e s u l t i n g  l i f e  r e l a t i o n s h i p s  a r e  termed as "Exposure Time 
Mod l f i ed  Stra inrange P a r t i t l o n l n g  L i f e  Relat lonshlps. I l  The Steady-State Creep 
Rate- and Exposure Time-Modlfled Strainrange P a r t i t i o n i n g  l i f e  r e l a t i o n s h i p s  
a r e  termed as "General ized Stralnrange P a r t i t l o n l n g  L l f e  Re la t i onsh lps . "  
EXPERIMENTAL RESULTS 
Creep- fat lgue experiments were conducted I n  a i r  a t  816 " C  (1500 O F )  on 
s o l i d  hourglass specimens o f  316 s t a l n l e s s  s t e e l  us ing  a se rvo -hyd rau l i c  
f a t i g u e  t e s t i n g  machlne. T y p l c a l l y  316 s t a l n l e s s  s t e e l  i s  used I n  the  nuc lea r  
e l e c t r i c  power I n d u s t r y  as a s t r u c t u r a l  m a t e r i a l  around 538 t o  704 "C (1000 t o  
1300 O F ) .  However, a temperature o f  816 "C (1500 O F )  was chosen l n t e n t l o n a l l y  
f o r  t h l s  study t o  acce le ra te  the ma te r ia l  degradat ion under c reep- fa t i gue  con- 
d i t l o n s .  Thus, s l g n l f l c a n t  reduct ions I n  c reep- fa t i gue  l i f e  could be observed, 
when t h e  exposure t imes were Increased f r o m  a f e w  hours t o  about 300 h r .  The 
exper lmental  procedures, equipment d e t a l l s ,  and t a b u l a r  data a r e  presented i n  
re ference 8. Representat ive hysteres is  loops used i n  t h i s  study a r e  shown 
schemat lca l ly  I n  f i g u r e  1.  I n  the case o f  CP, PC, and CC experiments, ten- 
s i l e  and cornpresslve creep s t r a l n s  were i n t roduced  by s t ress -ho ld  pe r iods .  
D l f f e r e n t  exposure t imes were achleved by us ing  d i f f e r e n t  creep s t ress  l e v e l s .  
I n  a l l  t he  experiments l n v o l v l n g  creep s t r a i n ,  t h e  r a t i o  o f  t o t a l  creep s t r a i n  
( t r a n s l e n t  + steady s t a t e )  t o  the  t o t a l  l n e l a s t l c  s t r a i n  was c o n t r o l l e d  a t  a 
nominal va lue of 0.6, This  cond l t l on  was m o s t  r e a d i l y  achleved by t h e  se lec-  
t i o n  o f  t h e  hys te res i s  loops shown i n  f i g u r e  1. F a i l u r e  .of  a specimen was 
taken t o  be complete separat ion i n t o  t w o  pieces. The f a t i g u e  l i f e  r e s u l t s  o f  
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the strain-controlled PP experiments conducted with 0.2 Hz sinewave are shown 
I n  figure 2. The life relation shown represents the least squares fit of the 
data points. The strainrange exponent of -1.60 Is typical of austenitic stain- 
less steels at elevated temperatures (ref. 1). 
In the case of CP, PC, and CC experiments, each stabilized hysteresis 
loop (near the half-life) was partitioned considering only the steady-state 
portion of the creep strain. Transient creep strain was considered as plastic 
strain (refs. 8 and 9). The Interaction Damage Rule (ref. 2) was used together 
with the PP life relation to obtain the partitioned cyclic life for each 
test. The partitioned life is referred to as the "analytically observed" life 
(NoBs).  In all the three cases, the partitioned cyclic lives decreased by a 
factor o f  about 2 as the time of exposure o f  the creep-fatigue test increased 
by a factor of 10. The exposure times of the creep-fatigue experiments ranged 
from a few to several hundred hours. The life relationships were established 
for each strainrange t,ype utilizing all the data of that type with various 
exposure times. 
The Conventional Strainrange Partitioning life relationships follow the 
Manson-Coffin law (refs. 1 and 2). To take exposure time effects into account, 
two separate general forms of modifications were added to the three life rela- 
tionships of the strainranges involving creep strain. A power-law in either 
steady-state creep rate or exposure time was utilized to modify the conven- 
tional life relationships of the strainranges involving creep strain. The 
general form of the life relationships utilized in this study for the strain- 
ranges involving creep straln are given below: 
Nij = A(Aqj)"(+)R ( 1 )  
where 
i,j p (plasticity), c (creep) 
N 
Acij is the generlc strainrange which is identically equal to the total 
is the partitioned cyclic life 
ij 
rate, c S s  or + is either a parameter involving steady-state 
exposure time, te. 
- 
inelastic strain range of the hysteresis loop, Aci 
creep 
A ,  a and R are constants that are evaluated Ind 
tionship using regression analysis. 
vidua 
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ly for each life rela- 
The Conventional Stralnrange Partitioning life relationships and the Gen- 
eralized Strainrange Partltloning life relationships, generated by linear and 
multiple linear regression analysis, respectively, are as follows: 
Conventlonal St ra lnrange P a r t l t l o n l n g  L l f e  Re la t l onsh lps  
) -1 -60 
PP 
Npp = 0.521(Ac 
-1.33 Ncp = 0.144(Ac ) 
C P  
Npc = 5.86(Ac ) -0.837 
PC 
-1.01 Ncc = 3.83(Accc) 
where Ncp, Npc, and Ncc a r e  gener ic c y c l l c  l l v e s  and kCP, AcPC, and heCC 
a r e  l d e n t l c a l l y  equal t o  t h e  t o t a l  l n e l a s t l c  s t ra ln range  Acln, o f  t h e  h y s t e r -  
e s i s  loop.  
General ized Stra inrange P a r t i t i o n i n g  L l f e  Re la t l onsh lps  
Steady-state creep r a t e  modlf led s t ra ln ranqe  p a r t l t l o n l n q  l i f e  
r e l a t l o n s h i p s .  - 
-1.46 . 0.256 
( ' S S  , T I  N = 0.646(Ac ) C P  C P  
-0.653 0.149 
Npc = 37 .6 (A~  PC ) I"s,c l  
-1.09 . )0.190 
N,, = 9.44(AcCc) ( $55, ave LL 
where 
C S S , T  I s  t h e  t e n s l l e  steady 
IZSS,CI I s  t he  absolute value 
;ss,ave 1 s  ~ / ~ ( ; S S , T  + ICss,c 
m i  n-1 
( 3 )  
s t a t e  creep r a t e ,  min-1 
o f  t h e  compressive s teady-state creep ra te ,  
)1 
l I n  t h e  CC experiments, t he  magnltude o f  t he  compressive creep s t r e s s  was 
malnta lned a t  a s l l g h t l y  l a r g e r  value than the  magnltude o f  t h e  t e n s l l e  creep 
s t r e s s .  
o f  t e n s l l e  and compresslve steady-state creep r a t e s  ( r e f .  11) and t o  avo ld  
unbalanced st ra lnranges,  v l z . ,  CP and PC f rom being generated i n  a CC t e s t .  
I f  the  t e n s l l e  and compressive steady-state creep r a t e s  d i f f e r  s i g n i f i c a n t l y  
I n  a C C  t e s t ,  a d l f f e r e n t  form of expresslon o the r  than the simple average used 
I n  t h l s  study may be requi red.  
Thls procedure was necessary t o  produce approxlmately equal magnitudes 
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Exposure t i m e  mod i f i ed  s t ra in range  p a r t i t i o n i n g  l i f e  r e l a t i o n s h i p s .  - 
-0.332 
NcP = 0.113(Ac C P  ) -1 '63 ( t e )  
Npc = 21.8(At: ) -0.696(te)-0.223 
PC ( 4 )  
-1 .O8 -0.248 
Ncc = 6.72(Accc) ( te) 
where t e  
f a t i g u e  experiment was-used. 
l i f e  o f  a component a t  any s t ra in range  and t i m e  o f  exposure. 
noted t h a t  average t ime per c y c l e  could a l s o  have been used ins tead  o f  t o t a l  
exposure t ime t o  cha rac te r i ze  t h e  t i m e  e f f e c t s .  
ships would be very s i m i l a r  t o  those obtained us ing  t o t a l  exposure t ime. 
i s  t he  t o t a l  exposure t i m e  o f  a c reep- fa t i gue  t e s t  i n  hours. 
I n  t h e  above l i f e  r e l a t i o n s h i p s  the t o t a l  exposure t ime  o f  t h e  creep- 
I t  should be 
This enables a designer t o  determine t h e  c y c l i c  
The r e s u l t i n g  l i f e  r e l a t i o n -  
The r e s u l t s  o f  t h e  C P  t e s t s  a re  presented i n  re ference 10, and a re  
repeated here f o r  completeness and comparison w i t h  t h e  r e s u l t s  o f  PC and CC 
s t ra inranges.  
and " c o r r e l a t e d "  (NCORR) c y c l i c  l i v e s  i s  presented i n  f i g u r e  3 f o r  t he  Con- 
ven t iona l ,  Steady-State Creep Rate (SSCR) Modi f ied and Exposure Time ( E l )  Modi- 
f i e d  S t ra in range  P a r t i t i o n i n g  (SRP) l i f e  r e l a t j o n s h i p s ,  r e s p e c t i v e l y .  For a l l  
t h r e e  s t ra in range  types, Conventional SRP i s  s l i g h t l y  unconservat ive a t  t he  
longest  exposure times (and over conservat ive a t  t h e  s h o r t  exposure t imes) .  
The SSCR- and ET-Modified SRP l i f e  r e l a t i o n s h i p s  c o r r e l a t e  the  data b e t t e r  than 
Conventional SRP, being w i t h i n  a f a c t o r  o f  1.5 f o r  each gener ic  s t ra inrange.  
This c l e a r l y  shows t h a t  some o f  the " s c a t t e r "  i n  the  Conventional S t ra in range  
P a r t i t i o n i n g  r e s u l t s  o f  f i g u r e  3(a) i s  due t o  t h e  e f f e c t  o f  exposure t ime. 
When t h i s  e f f e c t  i s  taken i n t o  cons ide ra t i on  e i t h e r  by i n c l u d i n g  s teady-state 
creep r a t e  ( f i g .  3 (b ) )  o r  exposure t i m e  ( f i g .  3 ( c ) ) ,  t h e  c o r r e l a t i o n  improved 
s ign1 f i c a n t  l y  . 
Comparison o f  t h e  " a n a l y t i c a l l y  observed" c y c l i c  l i v e s  (NOBS) 
RESULTS OF METALLURGICAL ANALYSIS 
To understand the under l y ing  mechanisms o f  c y c l i c  l i f e  degradat ion f o r  316 
s t a i n l e s s  s t e e l  a t  816 " C  (1500 O f ) ,  d e t a i l e d  f r a c t o g r a p h i c  and me ta l l og raph ic  
s tud ies  were conducted on f r a c t u r e d  specimens o f  c reep - fa t i gue  experiments. 
Some r e s u l t s  f o r  CP experiments are presented i n  re fe rence  10. Only major 
c h a r a c t e r i s t i c  features o f  t he  PC and C C  experiments a r e  presented I n  t h i s  
r e p o r t .  More complete r e s u l t s  of t he  m e t a l l u r g i c a l  s tud ies  a r e  g i ven  i n  
reference 8. I n  general, the f r a c t u r e  surfaces o f  t h e  long exposure t ime 
c reep- fa t i gue  experiments a r e  h e a v i l y  ox id ized,  thus masking d e t a i l s  o f  t h e  
f r a c t u r e  surface topography. The " s t r i a t i o n - l i k e 4 1  fea tu res  observed i n  a short  
exposure t ime PC t e s t  and " i n t e r g r a n u l a r  c rack ing "  and " a t t r i t i o n  marks" 
observed i n  a long exposure t ime pc t e s t  a r e  shown i n  f i g u r e s  4(a) and (b), 
r e s p e c t i v e l y .  Typical  ox ide l a y e r  photographs o f  s h o r t  and long exposure t ime  
C C  t e s t s  taken p r i o r  t o  e t c h i n g  a re  presented i n  f i g u r e s  5(a) and ( b ) ,  respec- 
t i v e l y .  Oxide format ion i s  p a r t i c u l a r l y  severe i n  a 1ong.exposure t ime  CC 
experiment. 
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A I S 1  316 i s  an a u s t e n i t i c  s ta in less  s t e e l .  M e t a l l u r g i c a l  i n s t a b i l i t i e s  
e x h i b i t e d  by these s t e e l s  a re  w e l l  documented i n  the  l i t e r a t u r e  ( r e f s .  12 
t o  16). A t  e levated temperatures, when t h e  exposure t imes a r e  l i m i t e d  t o  a few 
hundred hours, ca rb ide  format ion (H23C6) i s  t h e  predominant i n s t a b i l i t y .  
The photomicrographs i n  f i g u r e s  6(a) and (b )  i l l u s t r a t e  ca rb ide  p r e c i p i t a t i o n  
i n  s h o r t  and long exposure t ime C C  experiments. How these carb ides i n t e r a c t  
w i t h  c reep- fa t i gue  load ing  i s  discussed i n  the  next  sec t i on .  
DISCUSSION 
P r  i o r  Met hods 
I t i s  necessary t o  consider both t h e  e f f e c t s  o f  frequency ( o r  some o t h e r  
measure o f  t ime o f  exposure) and waveform o f  l oad ing  t o  a c c u r a t e l y  p r e d i c t  t h e  
creep- fat igue c y c l i c  l i f e  a t  e levated temperatures. Creep- fat igue l i f e  p r e d i c -  
t i o n  models t h a t  i gno re  waveshape e f f e c t s  and a r e  based s o l e l y  on frequency 
e f f e c t s ,  f o r  example, t he  Frequency Modi f ied Fat igue model, re fe rence  17, w i l l  
n o t  a c c u r a t e l y  p r e d i c t  c y c l i c  l i v e s  f o r  waveshapes n o t  used i n  t h e  e v a l u a t i o n  
o f  t h e  model constants.  Ca lcu la t i ons  t o  demonstrate t h i s  p o i n t  can be found 
i n  re fe rence  8. Attempts have been made t o  improve t h e  accuracy o f  t h e  Fre- 
quency Mod i f i ed  f a t i g u e  model by conslder ing waveshape e f f e c t s .  The r e s u l t a n t  
m o d i f i c a t i o n  i s  c a l l e d  C o f f i n ' s  Frequency Separat ion Method ( r e f .  1 8 ) .  The 
waveshape e f f e c t  was a t t r i b u t e d  t o  mean s t ress  r a t h e r  than c reep- fa t i gue  
e f f e c t s  . 
Comparison o f  Conventional and General ized S t ra in range  
Par t  1 t i  on i ng Methods 
The o r i g i n a l l y  proposed Conventional St ra inrange P a r t i t i o n i n g  (CSRP) 
method models p r i m a r i l y  t h e  waveform e f fec ts  on c reep- fa t i gue  l i f e .  Since f r e -  
quency e f f e c t s  a r e  n o t  considered by CSRP, i t  averages t h e  e f f e c t s  o f  exposure 
t ime  over a range o f  c reep - fa t i gue  data. The General ized S t ra in range  P a r t i -  
t i o n i n g  (GSRP) method proposed here in models both t h e  waveform and exposure 
t i m e  e f f e c t s  i n  p r e d i c t i n g  creep- fat igue l i f e .  As a r e s u l t ,  c o r r e l a t i o n s  by 
the  GSRP method a re  super io r  t o  those by the  CSRP method. 
s i g n i f i c a n t  f o r  p r e d i c t i n g  creep- fat igue l i f e  a t  long t imes us ing  shor t - t ime,  
c r e e p - f a t i g u e  data.  L i f e  p red ic t i ons ,  i f  based on CSRP, would be o v e r l y  con- 
s e r v a t i v e ,  whereas the  GSRP r e l a t i o n s  would be expected t o  produce more r e l i -  
a b l e  p r e d i c t i o n s .  
This  i s  p a r t i c u l a r l y  
Add i t i ona l  Factors 
I n  t h i s  study, c y c l i c  l i f e  reduct ions o f  over a f a c t o r  o f  2 f o r  t he  CP, 
PC, and CC l i f e  r e l a t i o n s  were observed f o r  exposure t imes rang ing  f rom a few 
t o  300 hr.  Mod i f i ca t i ons  o f  t he  Conventional St ra inrange P a r t i t i o n i n g  l i f e  
r e l a t i o n s  us ing a power-law of exposure t ime ( o r  s teady -s ta te  creep r a t e )  has 
r e s u l t e d  i n  good c reep- fa t i gue  l i f e  c o r r e l a t l o n s  f o r  316 s t a i n l e s s  s t e e l  a t  
816 O C  (1500 O F )  w i t h i n  t h e  timeframe o f  t h e  present experiments. However, i t  
should be noted t h a t  d i f f e r e n t  f ac to rs  o f  l i f e  reduc t i on  might  occur f o r  t ime  
per iods g rea te r  than the  c u r r e n t  range o f  data. Furthermor.e, f o r  o the r  mate- 
r i a l s  and temperatures, a d i f f e r e n t  type o f  m o d i f i c a t i o n  us ing  exposure t i m e  
may be necessary t o  accu ra te l y  c o r r e l a t e  and p r e d i c t  c r e e p - f a t l g u e  l i v e s .  The 
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a c t u a l  micromechanisms of damage would d i c t a t e  t h e  form of m o d i f i c a t i o n .  This  
r e p o r t  provides a s p e c i f i c  framework f o r  r e l a t i v e l y  shor t - t ime c reep- fa t i gue  
data t o  be extended t o  longer t imes. 
change, the  ex t rapo la t i ons  should remain v a l i d .  
Provided t h e  damaging mechanisms do n o t  
I n  ex t rapo la t i ng  t h e  time-dependencies o f  shor t - t ime,  c reep- fa t i gue  da ta  
t o  t h e  p r e d i c t i o n s  o f  much longer t imes, i .e . ,  w e l l  beyond t h e  range o f  c y c l i c  
data, cau t i on  should be exercised t h a t  t h e r e  a re  no s i g n i f i c a n t  changes i n  dam- 
age mechanism. One easy technique t o  f o l l o w  i s  t o  examine t h e  v a r i a t i o n  i n  
creep-rupture d u c t i l i t y  w i t h  rup tu re  t ime i n  the  t ime range o f  i n t e r e s t .  Any 
s i g n i f i c a n t  changes i n  t h e  s lope o f  t h e  d u c t i l i t y - t i m e  curve i s  a warning o f  a 
mechanism change. Techniques f o r  how t o  proceed under these circumstances have 
n o t  been worked out, as ye t ,  f o r  t h e  present General ized St ra in range P a r t i t i o n -  
niques employed by t h e  D u c t i l i t y  Normalized St ra in range P a r t i t i o n i n g  approach 
( r e f .  3 )  could be app l i ed  success fu l l y .  
i n y  l i f e  relat ioi i jh!ps.  HGWVSF,  i t  i s  ~ i i g g e ~ t e d  t h a t  mafly o f  t h e  SZIK t ech -  
An issue no t  considered i n  t h i s  study i s  t he  time-dependency w i t h i n  t h e  
PP s t ra in range .  The PP l i f e  r e l a t l o n s h i p  has no t  been mod i f i ed  i n  t h e  General- 
i z e d  St ra in range P a r t i t i o n i n g  l i f e  r e l a t i o n s h i p s .  This  l i f e  r e l a t i o n s h i p  i s  
es tab l i shed  by r e l a t i v e l y  h i g h  frequency s t r a i n - c o n t r o l l e d  experiments. As a 
r e s u l t ,  t he re  i s  very l i t t l e  t ime f o r  e i t h e r  o x i d a t i o n  o r  m e t a l l u r g i c a l  i n s t a -  
b i l i t i e s  t o  degrade c y c l i c  l i f e  i n  t h e  experiments used t o  a s c e r t a i n  the  PP 
l i f e  r e l a t i o n .  However, when PP s t ra in range occurs together  w i t h  CP, PC, o r  
C C  s t ra in ranges,  the exposure t i m e  e f f e c t  i s  r e f l e c t e d  i n  t h e  p a r t i t i o n e d  
Ncp, Npc, and Nc, c y c l i c  l i v e s .  Fu r the r  research w i l l  be requ i red  t o  i s o l a t e  
any time-dependent e f f e c t s  on the  PP l i f e  r e l a t i o n s h i p  f rom those e f f e c t s  on 
t h e  CP, PC, and C C  l i f e  r e l a t i o n s h i p s .  
Damage Mechanisms 
Ox ida t ion .  - The reduc t ions  i n  c y c l i c  l i f e  a t  long  exposure t imes i n  
c reep- fa t i gue  experiments a re  due t o  creep e f f e c t s ,  environmental i n t e r a c t i o n s  
such as ox ida t i on ,  and t o  m e t a l l u r g i c a l  i n s t a b i l i t i e s  o f  t he  m a t e r i a l .  Oxida- 
t i o n  can reduce both crack i n i t i a t i o n  and propagat ion l i v e s  depending upon t h e  
waveform o f  loading.  For example, i n  the  PC type  o f  load ing ,  an ox ide  forms 
almost e x c l u s i v e l y  du r ing  the  compressive creep p o r t i o n  o f  t h e  cyc le .  Th is  
l a y e r  grows i n  e q u i l i b r i u m  w i t h  the  compressive stresses present i n  the  sub- 
s t r a t e ,  and, i f  b r i t t l e  enough, can subsequently crack d u r i n g  t h e  r a p i d  excur- 
s ion  t o  the  peak t e n s i l e  p o r t i o n  o f  t h e  cyc le .  Oxide i n i t i a t e d  cracks can then 
propagate i n t o  the subs t ra te  ( r e f .  1 9 ) .  Thus, premature ox ide  l a y e r  cracks can 
reduce t h e  crack i n i t i a t i o n  l i f e  o f  t he  subs t ra te  m a t e r i a l .  Th is  phenomenon 
i s  more l i k e l y  t o  occur i n  a long exposure t ime t e s t ,  s ince  s u f f i c i e n t  amount 
of t ime i s  a v a i l a b l e  i n  such a t e s t  f o r  t he  ox ide  l a y e r  t o  grow. I n  t h e  case 
of CP type  loading, c rack  i n i t i a t i o n  and propagat ion l i v e s  a r e  a l s o  l i k e l y  t o  
be reduced a t  long exposure t imes, b u t  by d i f f e r e n t  mechanisms than those i n  
PC load ing .  Crack i n i t i a t i o n  may be hastened a t  sur face  connected g r a i n  bound- 
a r i e s  where t h e  propensi ty f o r  o x i d a t i o n  i s  g r e a t e s t  and where l a r g e r  l o c a l i z e d  
creep deformat ion can concentrate.  Thus, l a r g e  l o c a l i z e d  de format ion  imposed 
on the  l ess  d u c t i l e  ox id i zed  m a t e r i a l  r e s u l t s  i n  e a r l i e r  l o c a l i z e d  f r a c t u r i n g .  
L i u  and Oshida ( r e f .  20) c i t e d  t h e  r e s u l t s  o f  severa l  i n v e s t i g a t o r s  t o  i l l u s -  
t r a t e  t h a t  a t  elevated temperatures below a c e r t a i n  frequency, t h e  c rack  propa- 
g a t i o n  r a t e  i s  i nve rse l y  p r o p o r t i o n a l  t o  the  frequency. These i n v e s t i g a t o r s  
proposed a f a t i g u e  crack growth model based on i n t e r m i t t e n t  mic rorup tures  o f  
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grain boundary oxide to explain this frequency dependency. 
1s inversely proportional to the frequency, substantial fatigue crack propaga- 
tion life reduction can occur In long-time creep-fatigue experiments. 
case of CC type loading, crack initiation and propagation lives also can be 
reduced at long exposure times. The mechanisms of interaction between the 
cyclic deformation and oxidation are combinations of those experienced in CP 
and PC loadings. 
Since exposure time 
In the 
Metallursical instabilities. - M e t a l l u r g i c a l ' i n s t a b i l i t i e s ,  such as car- 
bide precipitation in austenitic steels, can alter deformation behavior, and 
hence, can influence creep-fatigue response. In 316 stainless steel at 816 OC 
(1500 O F ) ,  under zero mechanical load, the carbide formation occurs predomi- 
nantly along the grain boundaries. As the exposure time is increased, grain 
boundary I1coarseningl1 occurs (ref. 8). When mechanical load in the form of 
creep is applied, these-grain boundary carbides resist the movement of grain 
boundaries thereby increasing the local stresses. Creep deformation is 
achieved by fracturing the grain boundary carbides, thus creating intergranular 
cracks, triple point wedge cracks, etc. These cracks occur not only at the 
surface, but also within the bulk of a material, thus reducing its cyclic crack 
initiation and propagation lives. Since carbide precipitation increases with 
exposure time, significant life reduction can occur at longer exposure times 
in creep-fatigue experiments. 
Creep-fatigue life can also be reduced due to interaction between oxida- 
tion and metallurgical instabilities. It should be realized, however, that the 
exact mechanisms depend upon the metallurgical state of a material as well as 
the type of the environment. In order to predict the creep-fatigue life In a 
reliable manner, it is essential to consider material degradation mechanisms 
appropriate to the material/environment system in which the actual component 
is to operate. 
CONCLUSION 
The Conventional Strainrange Partitioning life relationsh-ips which model 
the effect of waveform of loading on creep-fatigue life are generalized to 
include the effect of exposure time. This is accomplished by modifying the 
Conventional Strainrange Partitioning life relationships using either Steady- 
State Creep Rate (SSCR) or Exposure Time (ET). The resulting SSCR- and 
ET-Modified Strainrange Partitioning life relationships correlate the 
creep-fatigue experimental data of 316 stalnless steel at 816 OC (1500 O F ) ,  
signifficantly better than the Conventional Strainrange Partitioning life 
relationships. The reductions in the cyclic life at long exposure times are 
likely due to oxidation and precipitation of carbides. 
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FIGURE 1.  - HYSTERESIS LOOPS UTILIZED I N  DEVELOPING THE GENERALIZED 
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(A) 'STRIATION-LIKE' FEATURES, 1, = 3.91 HOURS. 
(B) INTERGRANULAR CRACKING AND 'ATTRITION RARKS', 1 ,  = 87.72 H O U R S .  
FIGURE 4 .  - FRACTOGRAPHS OF 316 STAINLESS STEEL FAILED AT 816 OC 
(1500 9) UNMR PC LOADING. 
U 
50 ufi 
( A )  EXPOSURE T I E .  1 ,  = 4.51 HOURS. 
(B) EXPOSURE TIHE. 1 ,  = 224.03 HOURS. 
FIGURE 5.- OXlDi LAYER FORMTIOYS ON S P E C I K N S  OF 316 
STEEL FAILED AT 816 OC (1500 %) UNDER CC LOADING. 
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(A) WALL M U N T  OF CARBIDE PRECIPITATION ALONG THE GRAIN BOUND- 
ARIES, !, = 4.51 HOURS. 
(B) EXTENSIVE PRECIPITATION OF CARBIDES ALONG GRAIN BOUNDARIES 
AND WITHIN THE GRAINS, t e  224.03 HOURS. 
FIGURE 6. - PRECIPITATION W CARBIDES IN CC SPECIFENS O i  316 STAINLESS 
STEEL FAILED AT 816 OC (15W %) UNDER CC LOADING. 
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Procedures based on m o d i f i c a t i o n  o f  t he  Conventional S t ra in range  P a r t i t i o n i n g  
method a r e  proposed t o  cha rac te r i ze  t h e  time-dependent degradat ion of engineer-  
i n g  a l l o y s  i n  high-temperature, low-cycle f a t i g u e .  Creep- fat igue experiments 
were conducted i n  a i r  us ing  d i f f e r e n t  waveforms o f  l oad ing  on 316 s t a i n l e s s  s t e e l  
a t  816 "C (1500 O F )  t o  determine the  e f f e c t  o f  exposure t ime on c y c l i c  l i f e .  
Reductions i n  the p a r t i t i o n e d  c y c l i c  l i v e s  were observed w i t h  an increase i n  t h e  
t ime o f  exposure ( o r  w i t h  t h e  corresponding decrease i n  t h e  s t e a d y - s t a t e  creep 
r a t e )  f o r  a l l  the waveforms i n v o l v i n g  creep s t r a i n .  E x c e l l e n t  c o r r e l a t i o n s  o f  
t he  exper imental  data were obtained by mod i f y ing  t h e  Conventional S t ra in range  
P a r t i t i o n i n g  l i f e  r e l a t i o n s h i p s  i n v o l v i n g  creep s t r a i n  us ing  a power-law t e r m  o f  
e i t h e r  ( 1 )  t ime  of exposure o r  ( 2 )  s teady-state creep r a t e  o f  t he  creep- fat igue 
t e s t .  Environmental degradat ion due t o  ox ida t i on ,  m a t e r i a l  degradat ion due t o  
the  p r e c i p i t a t i o n  o f  carbides along the  g r a i n  boundaries and d e t r i m e n t a l  defor-  
mat ion modes associated w i t h  the prolonged per iods o f  creep were  observed t o  be 
the  main mechanisms responsib le  f o r  l i f e  reduct ions a t  long exposure t i m e s .  
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